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Free fatty acids (FFAs) are metabolic intermediates that may be obtained through the diet, synthesized endogenously, or
produced via fermentation of carbohydrates by gut microbiota. In addition to serving as an important source of energy,
FFAs are known to produce a variety of both beneficial and detrimental effects on metabolic and inflammatory processes.
While historically, FFAs were believed to produce these effects only through intracellular targets such as peroxisome
proliferator-activated receptors, it has now become clear that FFAs are also agonists for several GPCRs, including a family of
four receptors now termed FFA1-4. Increasing evidence suggests that FFA1-4 mediate many of the beneficial properties of
FFAs and not surprisingly, this has generated significant interest in the potential of these receptors as therapeutic targets for
the treatment of a variety of metabolic and inflammatory disorders. In addition to the traditional strategy of developing
small-molecule therapeutics targeting these receptors, there has also been some consideration given to alternate therapeutic
approaches, specifically by manipulating endogenous FFA concentrations through alteration of either dietary intake, or
production by gut microbiota. In this review, the current state of knowledge for FFA1-4 will be discussed, together with their
potential as therapeutic targets in the treatment of metabolic and inflammatory disorders. In particular, the evidence in
support of small molecule versus dietary and microbiota-based therapeutic approaches will be considered to provide insight
into the development of novel multifaceted strategies targeting the FFA receptors for the treatment of metabolic and
inflammatory disorders.

Abbreviations
CCK, cholecystokinin; CLA, conjugated linoleic acid; FA, fatty acid; FFA, free fatty acid; FFA1, free fatty acid receptor 1;
FFA2, free fatty acid receptor 2; FFA3, free fatty acid receptor 3; FFA4, free fatty acid receptor 4; GIP, glucose-dependent
insulinotropic peptide; GLP-1, glucagon- like peptide 1; GSIS, glucose-stimulated insulin secretion; HDAC, histone
deacetylase; IBD, irritable bowel disease; LCFA, long-chain fatty acid; MCFA, medium-chain fatty acid; PPAR,
peroxisome proliferator-activated receptor; PYY, peptide YY; SCFA, short-chain fatty acid; WAT, white adipose tissue

Fatty acids (FAs) are nutritional components and metabolic
intermediates that play important roles in a wide range of
cellular functions. These include serving as an important
energy substrate, as a building material for cellular mem-
branes, and as signalling molecules (Kremmyda et al., 2011;
Tvrzicka et al., 2011). FAs are carboxylic acids with an
unbranched aliphatic tail and are classified based on chain
length as well as degree and pattern of unsaturation. Long-
chain FAs (LCFAs) are FAs containing more than 12 carbon
atoms, medium-chain FAs (MCFAs) contain 6–12 carbon
atoms, while short-chain FAs (SCFAs) possess less than 6

carbons (Ratnayake and Galli, 2009; Tvrzicka et al., 2011).
The biological sources by which we obtain the different types
of FAs also varies greatly. LCFAs and MCFAs are typically
derived from the diet, or through adipose recycling and
hepatic turnover of neutral fats, cholesterol esters, and phos-
pholipids (Tvrzicka et al., 2011). In contrast, the primary
source of SCFAs is from the bacterial fermentation of indi-
gestible dietary carbohydrates and polysaccharides by anaero-
bic gut bacteria in the lower intestine (Macfarlane and
Macfarlane, 2011). Following ingestion and/or generation
LCFAs readily bind plasma albumin or may be incorporated
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through ester linkages into phospholipids, triglycerides or
other lipids. Based on this, a FA is described as a free FA when
present in the unbound form.

Historically, FAs were believed to produce their physi-
ological actions primarily through intracellular targets,
including actions at the PPARs for LCFAs (Grimaldi, 2010;
Varga et al., 2011) and inhibitor effects on histone deacetylase
(HDACs) for SCFAs (Sealy and Chalkley, 1978; Waldecker
et al., 2008). Additionally, incorporation of specific FAs into
phospholipid may account for some of their biological prop-
erties, as changes in membrane FA composition has been
demonstrated to influence the physical properties of cell
membranes, as well as cell signalling pathways (Calder,
2004). However, in recent years it has become clear that FFAs
are also agonists for a group of cell-surface GPCRs. These
include the family of GPCRs now classified as the free FA 1-4
(FFA1–4) receptor family (Stoddart et al., 2008; Alexander
et al., 2011; Davenport et al., 2013), as well as one additional
receptor currently still classified as an orphan, GPR84 (Wang
et al., 2006). Although the importance and relevance of FFAs
as ligands at GPR84 remains largely unknown, growing evi-
dence suggests that FFAs do produce many of their beneficial
effects on both metabolic and inflammatory processes
through actions at the members of FFA family of receptors.
This has led to growing interest in these receptors as novel
therapeutic targets. Although this interest does include
traditional small-molecule drug development programmes,
because FFA receptor function may also be manipulated by
modification of FFA levels through diet or gut microbiota
composition, alternative therapeutic approaches are also
being explored. The current review examines the role of the
FFA family members in metabolic and inflammatory pro-
cesses and considers advantages and disadvantages of various
therapeutic strategies that may be developed to target this
family of receptors.

Discovery and characterization of the
FFA family

Of the four members of the FFA receptor family, three, FFA1,
FFA2 and FFA3 (previously known as GPR40, GPR43 and

GPR41, respectively) were first identified in 1997 as a group of
closely related putative GPCRs encoded in tandem on chro-
mosome 19q13.1 (Sawzdargo et al., 1997). These receptors
were subsequently deorphanized as receptors for FFAs in 2003
using high-throughput screening approaches (Briscoe et al.,
2003; Brown et al., 2003; Itoh et al., 2003; Kotarsky et al.,
2003b; Nilsson et al., 2003). The fourth member of the family,
previously known as GPR120, does not share homology with
the other family members. However, GPR120 was also iden-
tified through high-throughput screening as a receptor for
FFAs (Hirasawa et al., 2005), and therefore despite its lack of
homology with the other family members, GPR120 was
recently reclassified as FFA4 (Davenport et al., 2013).

Several key differences exist among the FFA family
members with respect to ligand specificity. FFA1 and FFA4 are
each activated by LCFAs of varying chain length and degree
of saturation (Briscoe et al., 2003; Itoh et al., 2003; Kotarsky
et al., 2003a). Of particular interest, FFA4 has at times
been described as a selective n-3 FA sensor (Oh et al., 2010),
although it must be noted both that n-3 FAs are also agonists
with similar potency at FFA1, and that many non n-3 FAs are
equally active at FFA4. Indeed, examination of the currently
available data on the potency of various LCFAs at FFA1 and
FFA4 (Briscoe et al., 2003; Itoh et al., 2003; Kotarsky et al.,
2003a; Hirasawa et al., 2005) yields no clear consensus of a
particular subgroup of LCFAs that reasonably could be
deemed selective for one receptor over the other. In contrast
to these LCFA receptors, FFA2 and FFA3 are activated only
by the various SCFAs, although with differing rank–order of
potencies between the two receptors (Brown et al., 2003;
Nilsson et al., 2003). Most notably, at least for the human
orthologues, acetate (C2) is significantly more potent at FFA2
than FFA3 (Hudson et al., 2012b). Interestingly, the potencies
of the various FA ligands are relatively low at all four
members of the family (Table 1), which initially led to some
debate as to whether these were in fact the endogenous
ligands for these receptors (Smith, 2012). However, the ligand
potencies observed for each receptor are either at or below the
physiological levels of these FAs in the body (Table 1), sup-
porting the conclusion that FFAs are indeed the endogenous
ligands of these receptors. Interestingly, in the case of FFA1
and FFA4 the serum concentrations of LCFAs are actually
substantially higher than the reported potency of these

Table 1
Comparison of FFA receptor endogenous ligand potency and reported physiological concentrations

Receptor Endogenous ligands
Endogenous ligand
potency (EC50)a

Physiological levels of
endogenous ligandsb

FFA1
FFA4

LCFAs 1.0–30 μM Serum- 200–500 μMc

FFA2
FFA3

SCFAs 0.1–1.0 mM Gut- 70–100 mM
Serum- 50–200 μM

aPotency ranges reported for endogenous ligands at LCFA or SCFA receptors (Briscoe et al., 2003; Brown et al., 2003; Itoh et al., 2003;
Kotarsky et al., 2003b; Nilsson et al., 2003; Hirasawa et al., 2005).
bTotal LCFA or SCFA levels reported in human (Cook and Shellin, 1998; Jouven et al., 2001; Pouteau et al., 2001; van Eijk et al., 2009; Wagner
et al., 2013).
cTotal concentration of nonesterified fatty acids does not account for the effect of serum albumin binding.
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ligands and presumably this reflects the fact that LCFAs in the
body will be predominantly bound to serum albumin, which
has been shown to reduce their ability to activate the FFA
receptors (Itoh et al., 2003).

FFA1-4 each exhibit distinct downstream signalling pro-
files (Table 2). Collectively, the FFA receptors have been dem-
onstrated to couple to Gαq/11 (FFA1, FFA2 and FFA4) and/or
Gαi/o (FFA2 and FFA3) G-proteins, increasing intracellular Ca2+

levels and inhibiting cAMP generation, respectively (Briscoe
et al., 2003; Brown et al., 2003; Itoh et al., 2003; Kotarsky
et al., 2003a; Le Poul et al., 2003; Nilsson et al., 2003;
Yonezawa et al., 2004; Katsuma et al., 2005; Hirasawa et al.,
2008; Watson et al., 2012). Less is known about G–protein-
independent signalling effects of these receptors, although
β-arrestin-2 recruitment has been reported for FFA1
(Shimpukade et al., 2012), FFA2 (Hudson et al., 2012a) and
FFA4 (Oh et al., 2010; Watson et al., 2012). G–protein–
independent β-arrestin signalling may therefore be impor-
tant, and in particular, this appears to be the case for FFA4.
For example, the anti-inflammatory properties of this recep-
tor in macrophages have been reported to be β-arrestin-2
dependent, involving a pathway where FFA4 activation
results in β-arrestin-2 interaction with TAK1 binding protein
1 (TAB1), preventing the TAK1/TAB1 interaction required for
a TAK1 mediated inflammatory response (Oh et al., 2010).

Tissue expression patterns differ for each of the four FFA
receptors. FFA1 is expressed at high levels in brain, enteroen-
docrine cells of the gut, and in pancreas, with enriched levels
in pancreatic islets and particularly in the insulin-producing
β-cells (Briscoe et al., 2003; Itoh et al., 2003). FFA2 is

expressed at the highest levels in immune cells including
neutrophils, monocytes, and b-lymphocytes (Brown et al.,
2003; Kotarsky et al., 2003b) and is also expressed in both
enteroendocrine cells and adipocytes (Hong et al., 2005; Ge
et al., 2008). FFA3 is expressed in pancreas, spleen, enteroen-
docrine cells and blood mononuclear cells (Brown et al.,
2003). Some studies have suggested that FFA3 is expressed in
adipocytes (Hirasawa et al., 2005; Gotoh et al., 2007; Oh et al.,
2010; Taneera et al., 2012); however, others have found only
FFA2 and not FFA3 in adipocytes (Hong et al., 2005; Ge
et al., 2008; Zaibi et al., 2010). FFA4 expression has been
detected in human pancreatic islets, lung, immune cells, par-
ticularly macrophages, enteroendocrine cells and adipocytes
(Hirasawa et al., 2005; Gotoh et al., 2007; Tanaka et al., 2008b;
Miyauchi et al., 2009; Oh et al., 2010; Taneera et al., 2012).

Physiological roles of the LCFA receptors,
FFA1 and FFA4, in metabolic and
inflammatory processes
Taken together, the pharmacological properties and expres-
sion patterns of the FFA family receptors suggest that these
receptors may be of physiological relevance in metabolic and
inflammatory processes. In particular, the expression of these
receptors in adipose tissue, pancreas, enteroendocrine and
immune cells has prompted significant interest in investigat-
ing the role of FFA receptors in metabolic diseases, most
notably type 2 diabetes and obesity, as well as in inflamma-
tory processes. Considering the prevalence of these diseases
with worldwide estimates of over 347 and 500 million people
affected by diabetes and obesity, respectively (Danaei et al.,

Table 2
Properties of the FFA family of receptors relevant to metabolic and inflammatory processes

Receptor Signal transduction Expression Physiological role

FFA1 Gαq/11

Gαi/o

Pancreatic β-cell Acute:
↑ Glucose stimulated insulin secretion
Chronic:
Influences cell viability

Pancreatic α-cell ↑ Glucagon secretion

Gut ↑ GIP, GLP-1, CCK secretion

FFA2 Gαi/o

Gαq/11

Adipose ↑ Differentiation
Inhibits lipolysis
↑ Glucose Uptake

Pancreas Function unknown

Gut ↑ GLP-1 secretion

Immune cells Influences leukocyte differentiation and chemotaxis

FFA3 Gαi/o Pancreas Function unknown

Gut ↑ PYY secretion

Immune cells Function unknown

FFA4 Short isoform:
Gαq/11 and β-arrestin-2
Long isoform:
β-arrestin-2

Adipose ↑ Differentiation
↑ Glucose uptake

Pancreas ↑ Cell viability

Gut ↑ GLP-1, CCK secretion
Inhibits ghrelin secretion

Immune cells Anti-inflammatory
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2011; WHO, 2013); elucidating the mechanisms that pro-
mote or protect against development of these disorders is of
great interest.

Insulin and glucagon secretion. It has long been known that
LCFAs are critical to insulin secretion following a period of
fasting (Dobbins et al., 1998), and indeed, acute elevations in
LCFAs have been shown to enhance glucose-stimulate insulin
secretion (GSIS) from pancreatic β-cells (Haber et al., 2003).
Given the high level of FFA1 expression in these cells and the
ability of this receptor to couple to Gαq/11, a pathway often
associated with enhancement of GSIS (Kebede et al., 2009), it
was hypothesized that LCFAs amplify GSIS through activa-
tion of FFA1. Numerous studies using a variety of both in vitro
and in vivo models have now confirmed that FFA1 is respon-
sible for approximately 50% of the acute effect of LCFAs on
GSIS (Itoh et al., 2003; Itoh and Hinuma, 2005; Salehi et al.,
2005; Steneberg et al., 2005; Latour et al., 2007; Tan
et al., 2008; Alquier et al., 2009; Wu et al., 2010; Schmidt
et al., 2011a; Yashiro et al., 2012). A recent examination of the
mechanism responsible for this effect demonstrated that
FFA1 activates protein kinase D to promote F-actin depolym-
erization, suggesting that FFA1 influences insulin release via
modulation of intracellular granule transport (Ferdaoussi
et al., 2012). Although not as well studied, FFA4 expression
has also been reported in both human pancreatic islets and
rodent β-cell lines (Kebede et al., 2008; 2009; Taneera et al.,
2012). While the specific cell types expressing FFA4 in human
islets has not yet been determined, its expression in rodent
β-cell lines raises the possibility that FFA4 may also contrib-
ute, at least to some degree, directly to LCFA-mediated
enhancement of GSIS. To date, no studies have examined this
possibility, although it may warrant further consideration.

In contrast to the beneficial acute effects on GSIS, long-
term elevation of plasma LCFAs is detrimental to β-cell func-
tion and results in a decline in GSIS (Haber et al., 2003).
Initial studies suggested that FFA1 may mediate the negative
long-term effects of LCFAs (Steneberg et al., 2005). However,
subsequent studies have found conflicting results, and the
emerging consensus is that FFA1 activation is not detrimen-
tal to GSIS. Support for this derives from independently
generated mouse models that have found that FFA-null mice
fed a high-fat diet become as glucose intolerant as wild-type
mice (Kebede et al., 2008; Lan et al., 2008). Additionally, a
β–cell-specific FFA1 overexpression mouse model demon-
strated enhanced insulin secretion, improved glucose toler-
ance, and resistance to impairment of glucose intolerance
when fed a high-fat diet (Nagasumi et al., 2009). Finally, FFA1
selective agonists have not reproduced the toxic effects of
long-term LCFA treatment on β-cells (Tan et al., 2008). Col-
lectively, this current evidence suggests that FFA1 likely does
not mediate the long-term effects of LCFA exposure on
insulin secretion. Instead, recent work has suggested that the
toxic effects of long-term LCFA exposure on GSIS results
from β-cell death associated with reactive oxygen species
generated in LCFA metabolism (Gehrmann et al., 2010).
Conflicting results have also been reported on the role of
FFA1 in improving pancreatic cell viability, with both treat-
ment using a FFA1 antagonist, DC260126 (Wu et al., 2012)
and a FFA1 agonist, TUG469 (Wagner et al., 2013), shown to
protect against palmitate-induced β-cell apoptosis in mouse

and rat models respectively. Furthermore, the protective
effect of oleate against palmitate-induced apoptosis in the
NIT-1 β-cell line was reduced by FFA1 knockdown, again
suggesting a protective role for this receptor (Zhang et al.,
2007). It has also recently been suggested that FFA4 activa-
tion may protect pancreatic islets from lipotoxicity by
increasing cell viability and preserving β-cell mass (Taneera
et al., 2012).

Glucose homeostasis is also regulated through the secre-
tion of glucagon from pancreatic α-cells, which acts primarily
on the liver to convert stored glycogen into glucose, thus
raising blood glucose levels. Glucagon secretion occurs in
response to low blood glucose levels and LCFAs have also
been shown to stimulate increased glucagon secretion. While
the expression of FFA1 in α-cells has been controversial,
several studies have shown that elimination of FFA1 expres-
sion decreases LCFA-induced glucagon release both in vitro
and in vivo in rodent models (Flodgren et al., 2007; Lan et al.,
2008; Wang et al., 2011). In contrast, a recent study found
that a selective FFA1 agonist, TAK-875, decreased glucagon
secretion from isolated rat islets (Yashiro et al., 2012). At
present it is not clear if this represents differential signalling
properties between TAK-875 and the LCFAs at FFA1, or if
other unknown factors account for the differing results of
these studies.

Gastrointestinal hormone secretion. The enteroendocrine cells
of the gastrointestinal tract secrete a number of hormones
that have effects on GSIS, glucagon secretion, gastrointestinal
tract motility and appetite/food intake (Cuomo et al., 2011;
Deacon and Ahren, 2011; Warzecha and Dembinski, 2012).
FFA1 and FFA4 are co-expressed in enteroendocrine L cells
that express and secrete glucagon-like peptide 1 (GLP-1),
peptide YY (PYY) and glucose-dependent insulinotropic
peptide (GIP); these incretins influence glucose homeostasis
through effects on insulin and glucagon secretion, appetite
and energy intake. Consistent with this, elimination of FFA1
expression in mice reduces LCFA-stimulated GLP-1 and GIP
secretion (Edfalk et al., 2008). Similarly, FFA4 was proposed
to mediate the effect of α-linolenic acid on GLP-1 release
measured from the mouse STC-1 enteroendocrine cell line
(Hirasawa et al., 2005). A recent study has indicated these
effects on incretin secretion are also seen in primary human
L cells, where the FFA1/FFA4 agonist GW9508 was found to
stimulate both GLP-1 and PYY secretion (Habib et al., 2013).
Activation of both FFA1 and FFA4 also results in the secretion
of cholecystokinin (CCK), a peptide hormone that stimulates
the digestion of fat and protein (Tanaka et al., 2008a; Liou
et al., 2011). FFA4 is also expressed at high levels in ghrelin-
positive cells (Lu et al., 2012), a gastric peptide hormone that
controls appetite and energy homeostasis, and activation of
FFA4 has been found to inhibit ghrelin secretion (Lu et al.,
2012). FFA4 may also play a role in promoting enteroendo-
crine cell survival, as activation of FFA4 prevented apoptosis
in the STC-1 cell line (Katsuma et al., 2005). These observa-
tions suggest that FFA1 and FFA4 may act as intestinal nutri-
ent sensors for dietary fat in the gut and promote metabolic
homeostasis through indirect actions on insulin and gluca-
gon release, satiety, and energy harvest, all of which have
implications on the development of obesity and type 2
diabetes.
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Adipose development and function. Obesity is characterized as
the accumulation of excess white adipose tissue (WAT). WAT
acts an energy storage depot that is capable of storing and
releasing lipid in times of excess or deficiency respectively.
Under conditions of excess energy input, WAT expansion
occurs partly through an increase in adipocyte number.
FFA4 plays an important role in adipocyte expansion; knock-
down of FFA4 in vitro leads to a reduction in adipocyte dif-
ferentiation and lipid accumulation (Gotoh et al., 2007) and
FFA4-null mice exhibit decreased adipocyte differentiation
(Ichimura et al., 2012). This decreased adipocyte differentia-
tion is associated with an increase in adipocyte size and
results in high-fat diet-induced obesity in FFA4-null mice that
is more severe than that of wild-type mice (Ichimura et al.,
2012). Furthermore, activation of FFA4 leads to an enhance-
ment in adipocyte glucose uptake (Oh et al., 2010), which
helps to prevent fat deposition in ectopic tissues, and FFA4-
null mice fed a high-fat diet exhibit fatty liver (Ichimura
et al., 2012). Similar to rodents, a loss-of function single-
nucleotide polymorphism in FFA4 (R270H) appears to corre-
late with the risk for obesity in humans (Ichimura et al.,
2012). Although FFA1 is not expressed in adipocytes, several
SNP variations in FFA1 have been positively correlated with
body mass index, body composition and plasma lipids in
humans (Walker et al., 2011), suggesting that FFA1 may indi-
rectly affect adipose development and function in humans.

Inflammation. The development of obesity, insulin resist-
ance, and type 2 diabetes is commonly associated with a
chronic level of low-grade inflammation that is characterized
by the accumulation of pro-inflammatory cells in adipose
tissue and altered cytokine and chemokine secretion
(Monteiro and Azevedo, 2010; Lumeng and Saltiel, 2011;
Ouchi et al., 2011). These immunological changes contribute
to the development of insulin resistance, which influences
the development of type 2 diabetes and pathological cardiac
processes (Monteiro and Azevedo, 2010; Lumeng and Saltiel,
2011; Ouchi et al., 2011). FFA4 is expressed on immune cells,
particularly macrophages and has been shown to mediate the
anti-inflammatory properties of n-3 FAs in these cells (Oh
et al., 2010). The importance of this finding is supported by
evidence that FFA4-null mice fed a high-fat diet exhibit
enhanced macrophage-induced inflammation in adipose
tissue (Ichimura et al., 2012). Furthermore, administration
of n-3 FAs to wild type, but not FFA4-null mice, inhibits
inflammation and enhances systemic insulin sensitivity, with
wild-type mice specifically displaying increased insulin
stimulated-glucose disposal rates, indirectly suggesting
improved muscle insulin sensitivity and increased suppres-
sion of hepatic glucose production (Oh et al., 2010; Ichimura
et al., 2012). The anti-inflammatory effects of FFA4 may also
extend beyond macrophages. For example, in one study
intracerebroventricular administration of n-3 and n-6 FAs was
associated with local anti-inflammatory effects in the hypo-
thalamus, resulting in decreased food intake, weight reduc-
tion and improved insulin sensitivity (Cintra et al., 2012).
Although this study did not carry out knockout studies that
would have been required to directly demonstrate the
involvement of FFA4 in these effects, the study did demon-
strate that the n-3 and n-6 FAs were capable of activating
hypothalamic FFA4 receptors. Therefore, clearly future work

should examine the possibility that FFA4 may be responsible
for these anti-inflammatory effects.

Physiological roles of the SCFA receptors,
FFA2 and FFA3
Metabolism. Similar to the role of FFA4 in adipocyte expan-
sion, knockdown of FFA2 in vitro leads to a reduction in
adipocyte differentiation and lipid accumulation (Hong et al.,
2005; Ge et al., 2008), and in at least one study, FFA2-null
mice fed a high-fat diet were found to have decreased adipo-
cyte numbers and reduced body fat mass (Bjursell et al.,
2011). However, a more recent study found the opposite, in
that FFA2-null mice were obese compared with their wild-
type littermates when fed either normal chow or high-fat
diets (Kimura et al., 2013). Indeed, Kimura et al. further dem-
onstrated that the effect was directly related to FFA2 expres-
sion in adipocytes, as a transgenic mouse overexpressing
FFA2 specifically in adipocytes remained lean even when fed
a high-fat diet. As with FFA4, activation of FFA2 enhances
adipocyte glucose uptake (Hoveyda et al., 2010), and has
additionally been shown to mediate the anti-lipolytic effect
of SCFA treatment on adipocytes both in vitro and in vivo
(Hong et al., 2005; Ge et al., 2008). Thus, although the knock-
out studies have been contradictory, the current data do
suggest that FFA2 plays a critical role in the regulation of
plasma glucose and lipid profiles through effects on adipocyte
function.

The SCFA receptors have also been demonstrated to affect
the secretion of gastrointestinal peptides. FFA2 and FFA3 are
both expressed in colonic endocrine L cells, and elimination
of FFA2 expression reduces SCFA-stimulated GLP-1 secretion
both in vitro and in vivo, which correlates with an impairment
in glucose tolerance in mice (Tolhurst et al., 2012). In addi-
tion to GLP-1, L cells also secrete PYY, a peptide that normally
inhibits gut motility, increases intestinal transit rate and
reduces energy harvest (Simpson et al., 2012), and PYY levels
are decreased in FFA3-null mice (Karaki et al., 2006; 2008;
Samuel et al., 2008; Tazoe et al., 2008). Additionally, FFA2 has
been suggested to mediate the release of gut 5-HT, which
plays a role in gastric motility-mediated appetite regulation
(Karaki et al., 2006). Taken together, these findings support a
role for SCFA receptors in the regulation of host energy
balance through effects on hormone secretion in the gastro-
intestinal tract.

Although not studied in detail, the expression of both
SCFA receptors, FFA2 and FFA3, have also been reported in
both pancreas and pancreatic β-cell lines (Brown et al., 2003;
Kebede et al., 2009). This raises the possibility that these
receptors may have a role in directly regulating insulin secre-
tion and GSIS. As both receptors couple to Gi/o-coupled sig-
nalling pathways, which are associated with inhibition of
GSIS, and FFA2 also couples to Gq/11 pathways associated with
enhancement of GSIS, it is likely that the overall effect of
SCFAs on insulin secretion may be complex. To date, only
one patent application has directly looked at SCFA receptors
on insulin release, showing limited data indicating that acti-
vation of FFA3 inhibits GSIS in the mouse MIN6 insulinoma
cell line (Leonard et al., 2006). This finding is consistent with
an observation that the SCFA propionate does inhibit GSIS in
isolated rat islets (Ximenes et al., 2007), although this study
did not determine the receptor mediating the effect. To date,

BJP H J Dranse et al.

700 British Journal of Pharmacology (2013) 170 696–711



no studies have directly examined the role of FFA2 in islet
function and GSIS; however, this clearly is an area that should
be examined in the future.

Inflammation. SCFAs have also been reported to exhibit
anti-inflammatory properties, particularly in the gut (Miller,
2004), and some of these effects are directly mediated
through the FFA family. FFA2, which is expressed at high
levels in neutrophils and eosinophils, is implicated in the
differentiation of leukocytes including monocytes and granu-
locytes (Senga et al., 2003), and following activation by
SCFAs, FFA2 has been shown to regulate the inflammatory
response in immune cells. FFA2 activation in neutrophils
results in a rise in intracellular Ca2+ and mediates subsequent
SCFA-dependent chemotaxis (Le Poul et al., 2003; Maslowski
et al., 2009; Sina et al., 2009; Vinolo et al., 2011), implicating
SCFAs and FFA2 in the migration of neutrophils towards sites
of injury or infection. This action would have effects on
pathological states with unresolving inflammation, such as
irritable bowel disease (IBD) and colitis, particularly as these
are conditions of the gut where SCFAs are generated at high
levels. The role of FFA2 in intestinal inflammation has been
examined and conflicting results presented by two different
groups. In a study by Maslowski et al. (2009), FFA2-null mice
exhibited exacerbated immune responses and greater morbid-
ity in both acute and chronic models of colitis, and the
beneficial effects of the SCFA, acetate, were not observed in
FFA2-null mice (Maslowski et al., 2009). In contrast, Sina et al.
(2009) found that while FFA2-null mice did show increased
mortality in an acute model of intestinal inflammation, these
mice were protected from inflammatory tissue damage in
chronic models (Sina et al., 2009). Recently, it was shown that
both FFA2 and FFA3-null mice had reduced inflammatory
responses following intestinal damage induced by trini-
trobenzene sulfonic acid administration, and a delayed
response and pathogen clearance following Citrobacter roden-
tium infection, suggesting that these receptors mediate ben-
eficial inflammatory responses at least in these models (Kim
et al., 2013). Thus, the current evidence supports a role for
SCFAs receptors in inflammatory responses of the gut, even if
conflicting knockout studies perhaps make it unclear at
present as to whether agonism or antagonism would be the
preferred therapeutic mode of action.

Therapeutic potential of the FFA
receptor family

Based on the physiological data demonstrating the role of
FFA1–4 in glucose and lipid homeostasis, adiposity and
inflammation, there has been significant interest in modulat-
ing the activity of FFA receptors for the treatment of a wide
range of conditions including obesity, insulin resistance, ath-
erosclerosis, cardiovascular disease, type 2 diabetes, ulcerative
colitis, Crohn’s disease and IBD (Stoddart et al., 2008; Hara
et al., 2011; Hudson et al., 2011; Talukdar et al., 2011). The
majority of studies indicate that activation of FFA1 and FFA4,
and possibly FFA2/3, would be therapeutically useful for the
treatment of metabolic and inflammatory diseases, while a
small number of studies suggesting that inhibition of FFA

receptors, particularly FFA2 for inflammatory conditions of
the gut, would be beneficial (Sina et al., 2009; Bjursell et al.,
2011). Not surprisingly, small-molecule agonists of each of
the FFA receptors have received at least some interest in drug
development programmes. However, in addition to the devel-
opment of synthetic receptor ligands, modulation of FFA
activity may also be achieved through alternative approaches
including dietary intervention and/or modulation of gut
microbiota composition. The potential for each of these three
therapeutic strategies for the treatment of metabolic and
inflammatory diseases are discussed in the subsequent
sections.

Development of small molecules
targeting FFA1-4
There has been significant attention given to developing
high-affinity synthetic ligands targeting the FFA family of
receptors receptors (for reviews of available synthetic ligands
see Bharate et al., 2009; Hudson et al., 2011; Ulven, 2012). To
date, FFA1 has received the most attention primarily because
of the large number of studies that have demonstrated that
FFA1 agonists enhance GSIS and have glucose-lowering
effects even in obese and/or diabetic animals (Briscoe et al.,
2006; Tan et al., 2008; Doshi et al., 2009; Lin et al., 2011;
Tsujihata et al., 2011). A promising phase II clinical trial with
the FFA1 agonist, TAK-875, found that administration of the
compound to diabetic patients resulted in improvements in
GSIS and blood glucose control, with a low risk of hypogly-
caemia (Araki et al., 2012; Burant et al., 2012; Leifke et al.,
2012; Yashiro et al., 2012). This suggests that small-molecule
agonism of FFA1 is a viable therapeutic strategy for type 2
diabetes. Furthermore, this approach may be safer than the
traditional insulin secretagogues, such as the sulfonylureas,
which increase basal insulin secretion independent of the
prevailing glucose concentration, and therefore increase the
risk of hypoglycaemia (El-Kaissi and Sherbeeni, 2011). While
there has been less focus on the remaining FFA receptors,
given their reported effects on metabolic and inflammatory
processes it is not surprising that all members of the FFA
family remain interesting potential therapeutic targets.

Considerations in developing small-molecule therapeutics targeting
the FFA family. There are several important considerations
that need to first be addressed in developing small-molecule
therapeutics targeting the FFA receptor family. Firstly, there is
significant overlap in the ligands that activate the two LCFA
receptors, FFA1 and FFA4, and the two SCFA receptors, FFA2
and FFA3. In the case of FFA1 and FFA4, this is particularly
true with respect to the endogenous ligands, but also many
FFA1 selective ligands reported in the literature display at
least micromolar potency at FFA4 (Briscoe et al., 2006;
Shimpukade et al., 2012). Similarly, although there are cur-
rently only two academic reports describing synthetic FFA4
agonists, in both cases the ligands retained at least some
activity at FFA1 (Suzuki et al., 2008; Shimpukade et al., 2012).
Developing selective ligands for FFA2 and FFA3 has been even
more challenging. One early study described selective orthos-
teric agonists derived from small carboxylic acids; however,
these structures are not very ‘drug-like’, have low potency,
and only modest selectivity (Schmidt et al., 2011b). Several
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molecules have also been described in recent patents as ago-
nists for both FFA2 and FFA3 (for review, see Ulven, 2012);
however, until the recent detailed characterization of one
such series as potent and selective orthosteric agonists at
both human and mouse FFA2 (Hudson et al., 2013a), little
was known about the detailed pharmacology of these
compounds.

One alternative to developing selective orthosteric
ligands for receptors activated by the same endogenous
ligands would be to target allosteric binding sites, which
typically have greater variation between closely related recep-
tors relative to orthosteric binding sites (May et al., 2007;
Hudson et al., 2013c). This has been used to develop a series
of FFA2 selective agonists (Lee et al., 2008; Smith et al., 2011).
It also appears that at least some FFA1 agonists previously
believed to be orthosteric in fact bind allosterically (Lin et al.,
2012). Targeting allosteric binding sites may also be advanta-
geous for improved efficacy and reduced toxicity, as many
allosteric ligands will only produce an effect when an endog-
enous orthosteric agonist is also present, maintaining endog-
enous temporal and spatial patterns of receptor activation,
and thus, improving safety (Hudson et al., 2013c).

Functional selectivity, or the ability of a ligand to initiate
a distinct cellular signalling response by stabilizing a specific
receptor active state (Goupil et al., 2012), may also be an
important consideration for the development of novel syn-
thetic ligands targeting the FFA family. For example, the
anti-inflammatory effects of n-3 FAs via FFA4 are reportedly
mediated by β-arrestin-2, while the effects on glucose uptake
in adipocytes are through Gαq/11 (Oh et al., 2010). This sug-
gests that β–arrestin-biased FFA4 ligands would contribute to
improvements in glucose handling via anti-inflammatory
mechanisms, while G–protein-biased ligands might be more
effective for other aspects of metabolic disorders.

In addition to these pharmacodynamics considerations,
pharmacokinetic issues have also presented a significant chal-
lenge, particularly in the development of agonists for FFA1.
Specifically, the structure of the vast majority of agonists
described for FFA1 are effectively synthetic FAs, containing
both a charged carboxylic acid (or suitable bioisotere) head
group attached to an extended hydrophobic tail (Bharate
et al., 2009; Hudson et al., 2011). As a result, these com-
pounds tend to be very lipophilic and like the FAs them-
selves, show high-plasma protein binding. Indeed the focus
of many recent medicinal chemistry studies on FFA1 has
shifted to improving pharmacokinetic absorption, distribu-
tion, metabolism and excretion properties of the novel
ligands, instead of simply identifying ligands with better
potency or selectivity (Christiansen et al., 2012; 2013). The
development of the clinical candidate, TAK-875, represents
the best example of this, where chemical alterations to the
lead scaffold were able to both reduce hydrophobicity and
improve oral bioavailability, in order to identify the final
preferred compound that has now progressed into phase III
trials (Negoro et al., 2010).

Given that in the majority of cases agonism appears to be
the preferred therapeutic mode of action at the FFA receptor
family, another issue that must be taken into consideration in
the development of FFA therapeutics is receptor desensitiza-
tion. In particular, activation of FFA4 has been widely
reported to strongly stimulate phosphorylation, β-arrestin

recruitment and internalization (Hirasawa et al., 2005; Burns
and Moniri, 2010; Shimpukade et al., 2012; Watson et al.,
2012). Thus, it is possible that chronic treatment with an
FFA4 agonist will lead to desensitization and ultimately
tachyphylaxis. To avoid this, development of biased FFA4
agonists that stimulate receptor activation, but not desensi-
tization and internalization, may be a viable option. Addi-
tionally, at least for FFA2, there is some indication that
antagonism might also be beneficial, particularly in chronic
inflammatory conditions. At present there is a significant lack
of available antagonists for the FFA receptors, with current
reports only describing antagonists for FFA1 (Briscoe et al.,
2006; Wu et al., 2012) and FFA2 (Hudson et al., 2012b; Saniere
et al., 2012). Complicating matters further, the antagonists
described for FFA2 are human-selective, producing no effect
on the rodent orthologues of the receptor, and therefore,
greatly complicating their pre-clinical validation. Indeed, this
has led one company that has developed small-molecule
FFA2 antagonists for the treatment of inflammatory condi-
tions of the gut (Saniere et al., 2012), to take the unusual step
of progressing their compound directly into early phase I,
and even phase II clinical trials in the absence of pre-clinical
proof-of principle studies from rodent models.

Finally, toxic and/or side effects of small molecules need
to be considered. For example, FFA1 has been implicated in
the proliferation of human breast cancer cell lines and bron-
chial epithelial cells (Yonezawa et al., 2004; Hardy et al., 2005;
Gras et al., 2009), and thus, alteration of signalling pathways
mediated by FFAs may have unwanted effects on cell growth,
among other possibilities. Recent evidence from mouse
models also suggests that FFA1 plays an important role in
osteoclast differentiation and thus bone remodelling, as well
as in mediating the effect of transarachidonic acids on neo-
natal hypoxic-ischemic induced neurovasculature degenera-
tion (Honore et al., 2013; Wauquier et al., 2013). Additionally,
although an overwhelming majority of evidence supports an
agonist approach for most FFA receptors, there are a small
number of studies that suggest otherwise. These include
studies showing that treatment of the MIN6 mouse pancre-
atic β-cell line with an FFA1 antagonist protected against
palmitate-induced ER stress and apoptosis (Wu et al., 2012),
or demonstrating that FFA2-null mice are protected against
intestinal inflammation (Sina et al., 2009). Considering these
data, it is possible that FFA1 and FFA2 agonists may contrib-
ute to lipotoxicity and exacerbate chronic inflammation
respectively. Ultimately, although several key questions
remain concerning mechanisms of FFA receptor signalling,
the development of synthetic small molecules targeting the
FFA receptors remains a promising area for novel therapeutics
in the treatment of metabolic and inflammatory conditions.

Targeting FFA1-4 through modulation of
dietary intake and microbiota composition
In addition to manipulating FFA receptor activity through the
administration of synthetic small molecules, altering the
levels of natural ligands for these receptors may also be pos-
sible through the diet. For example, increasing daily intake of
polyunsaturated FAs by supplementing the diet with meats,
fish and fish oils may be an indirect method of targeting FFA1
and FFA4 activation. Increasing the dietary intake of other
non-traditional agonists for FFA receptors could also have

BJP H J Dranse et al.

702 British Journal of Pharmacology (2013) 170 696–711



beneficial effects on LCFA receptors. For example, berberine,
which is the active constituent of the Chinese herb Rhizoma
coptidis, has been shown to activate FFA1 and stimulate GSIS
in vitro (Rayasam et al., 2010), in addition to inhibiting the
development of high-fat diet-induced insulin resistance in
rats (Gu et al., 2012). Thus, supplementing the diet with
components that will directly activate LCFA receptors may
represent an attractive alternative means to influence physi-
ological processes downstream of FFA1 or FFA4.

Similarly, levels of SCFAs vary depending on the amount
of non-digestible fibre in the diet. In contrast to LCFA levels
that can be directly manipulated through diet, this represents
an indirect method as bacterial fermentation of the fibre is
first required to generate SCFAs. Considering this, manipulat-
ing the composition of SCFA-generating microflora in the
gastrointestinal tract through the use of pre and/or probiotics
could also be used to alter SCFA profiles. For instance, bacteria
of the Bacteroidetes phylum produce high amounts of acetate
and propionate, whereas bacteria of the Firmicutes phylum
produce high amounts of butyrate. As acetate and propionate
are more potent agonists at FFA2 than butyrate, shifting bac-
terial composition in this respect would be hypothesized to
alter levels of FFA2 activation.

Considerations for modulating dietary intake and microbiota com-
position to target FFA receptors. Similar to the challenges that
have been associated with developing small-molecule thera-
peutics for the FFA family of receptors, there are also a
number of issues that must be considered before undertaking
dietary or microbiota-based therapeutic approaches for these
receptors. The first, and perhaps most important in the
context of the current review, is that it is difficult to specifi-
cally attribute the beneficial effects of these approaches to
actions at the FFA receptors. As described earlier, both LCFAs
and SCFAs have alternate modes of actions to the FFA family
of receptors including for example LCFAs activating PPAR
signalling cascades and SCFA acting as HDAC inhibitors
(Sealy and Chalkley, 1978; Medina et al., 1997; Waldecker
et al., 2008). Therefore, determining which effects are specifi-
cally mediated by members of the FFA family of receptors
presents a significant challenge. The most obvious means
currently to address this is through knockout mouse studies
and indeed, such studies have been used to suggest the ben-
eficial effects of dietary n-3 FA supplementation on inflam-
mation and insulin sensitivity are mediated by FFA4 (Oh
et al., 2010). Similarly, conjugated linoleic acids (CLAs), a
popular food supplement thought to reduce body fat and
increase lean muscle mass, have been demonstrated to
enhance GSIS in pancreatic β-cells, but not in primary β-cells
from FFA1 knockout mice (Schmidt et al., 2011a). Several
knockout studies have also aimed to determine if the SCFA
receptors provide the key link between gut microbiota and
host. For example, Maslowski et al. (2009) found that FFA2-
null mice displayed dys-regulation in their inflammatory
responses to models of colitis and arthritis that were similar
to the effects observed when using germ-free mice in these
same models. In another study looking at the link between
FFA3 and gut microbiota, FFA3-null mice were found to be
leaner than wild-type mice if raised under normal conditions,
or following colonization with a model fermentative micro-
bial community; however, this was not the case if the mice

were raised under germ-free conditions (Samuel et al., 2008).
Finally, a very recent study demonstrated that FFA2-null mice
found to be obese compared with their wild-type littermates
showed no weight difference when raised under germ-free
conditions, or following treatment with antibiotics (Kimura
et al., 2013).

While such knockout studies have been informative, it is
perhaps unclear how well these may translate to the treat-
ment of human disease. As the diet of a mouse is very differ-
ent from that of a human, it may be predicted that the overall
response and indeed the mechanisms underlying the effects
of dietary or microbiota manipulations will vary among
species. Several recent studies have demonstrated clear differ-
ences in the pharmacology of the SCFA receptors between
species (Hudson et al., 2012a,b; 2013a), and in at least one
case these differences appear likely to have originated as
an evolutionary adaptation to accommodate different diets
between species (Hudson et al., 2012a). A more detailed
examination of species variations in pharmacology across all
of the FFA receptors suggests that there are at least some
differences in potency and/or selectivity of both endogenous
and synthetic ligands for all members of the FFA receptor
family (Hudson et al., 2013b), clearly indicating that extrapo-
lation of animal studies linking FFA receptor actions and diet
to humans will be challenging.

Therefore one must use alternate approaches to link
dietary or microbiota manipulations with the FFA receptors
in humans. Many large-scale epidemiological studies have
examined connections between dietary FA intake and disease,
with one focus often being the impact of the typical Western
diet abundant in n-6, but low in n-3 FAs. Such epidemiologi-
cal evidence suggests that a high-fat diet low in n-3 relative to
n-6 FAs often results in an insulin resistant state that is
characterized by increased pro-inflammatory cytokine secre-
tion (Moussavi et al., 2008; Gillingham et al., 2011; Poudyal
et al., 2011; Cascio et al., 2012). However, while at least one
study has described FFA4 as an n-3 FA sensor (Oh et al., 2010),
the fact that others have shown similar potencies of n-3 and
n-6 FAs at both FFA1 and FFA4 (Briscoe et al., 2003; Itoh et al.,
2003; Kotarsky et al., 2003a; Hirasawa et al., 2005), indicates
that these effects of n-3 compared with n-6 FAs cannot easily
be attributed only to specific actions at the FFA receptor
family. Although such observations could conceivably be
explained if both n-3 and n-6 FAs produce beneficial effects
through the FFA1 and/or FFA4, with only the n-6 FAs pro-
ducing detrimental effects via non-FFA receptor mechanisms
of action, at present there is no direct evidence to support
such a hypothesis. Interestingly, in contrast to supplement-
ing the diet with specific beneficial FAs, numerous studies
have also demonstrated that lowering overall FA concentra-
tions in the body may also be associated with improved
insulin resistance, oral glucose tolerance, and basal insulin
levels in humans (Santomauro et al., 1999; Lehto et al., 2012;
Na et al., 2012). While the wealth of current in vitro and in
vivo data suggest these beneficial effects of lowering total FA
levels are unlikely to be mediated by decreased FFA receptor
function, this possibility has also not yet been directly
examined.

Clearly there is a need to more directly answer these
questions on the specific contribution that FFA receptors
have in mediating the effects of dietary manipulations.
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Likely, the easiest way to achieve this will be through future
genetic studies exploiting human FFA receptor polymor-
phisms that alter receptor function or expression (for a
review, see Hudson et al., 2013b). Of particular note, one
non-coding polymorphism in FFA1, rs1573611, has recently
been reported to alter the relationship between plasma FA
concentration and insulin secretion in humans (Wagner
et al., 2013), while a non-synonymous coding polymorphism
of FFA4 (R270H) results in greatly reduced receptor function
(Ichimura et al., 2012), suggesting either of these would be
attractive candidates to provide a genetic link between FFA1
or FFA4 function and dietary manipulation of LCFA levels.
Alternative to genetic studies, if FFA receptor antagonists
become approved for use in humans, these conceivably could
be used in small-scale clinical studies to establish more direct
links between dietary or microbiota manipulations and the
FFA receptors. Indeed, this may become the case for FFA2,
where one antagonist (Saniere et al., 2012) has recently pro-
gressed through phase I trials.

A second significant question that must be addressed
before considering dietary or microbiota therapeutic
approaches to target the FFA receptors, is whether such
manipulations will actually be able to achieve therapeutically
relevant changes in LCFA or SCFA concentrations. Several
studies have explored the effects of n-3 FA or CLA supple-
mentation on total plasma FA composition (Rustan et al.,
1998; Doyle et al., 2005; Vandal et al., 2008). These studies
have generally found that supplementation can significantly
increase total plasma n-3 FA or CLA levels, for example in one
study when healthy adult men were given a CLA supplement
for 8 weeks it resulted in a threefold increase in CLA levels
measured in total blood lipid (Doyle et al., 2005). However, it
is less clear how these changes in total lipid levels correlate
with changes in free unbound FAs. Furthermore, even after
supplementation, the concentrations of the supplemented
FAs remain low compared with other more prominate plasma
FA species such as oleate or linoleate (Doyle et al., 2005), both
of which would be expected to activate either FFA1 or FFA4
with relatively similar potencies. Considering these factors, it
may be reasonable to hypothesize that it is through actions
on the more directly accessible gut where dietary supple-
ments of n-3 or other LCFAs are most likely to produce effects
via FFA1 and/or FFA4.

Similarly, several studies have also explored how increas-
ing dietary fibre affects SCFA levels, generally finding
increased concentrations, particularly in acetate, both in the
gut and plasma (Akanji et al., 1989; Yen et al., 2011; Francois
et al., 2012), which appear to correspond well with the
reported potency of acetate at human FFA2. This suggests
that dietary fibre supplementation is perhaps likely to alter
FFA2 function in humans. However, determining whether
microbiota manipulations will result in therapeutically
relevant changes in SCFA levels presents an even greater
challenge. A number of methods exist to manipulate the
composition of gut microbiota. Firstly, prebiotics, or non-
digestible carbohydrates suggested to selectively stimulate the
growth, activity, or both, of bacterial species already in the
colon, may promote the generation of SCFAs and these have
been linked to beneficial metabolic and/or anti-inflammatory
effects (Cani et al., 2004; Delzenne et al., 2005; Parnell and
Reimer, 2009). Alternatively, probiotics, or live microbial food

supplements, could be used and many studies have now also
explored their potential health benefits (Andreasen et al.,
2010; Kadooka et al., 2010). If there is concern that pre or
probiotics will not survive gastric transit, an alternative
method of promoting a beneficial microbial balance that may
have utility is faecal transplantation of gut microbiota from a
healthy donor to treat another patient. Faecal transplant of
microflora has recently proven to be a valuable tool in the
treatment of certain diseases, including colitis caused by
Clostridium difficile (Khoruts et al., 2010). Importantly, a
recent study demonstrated that infusion of intestinal micro-
biota from lean human donors to those with metabolic syn-
drome altered intestinal microbiota composition and resulted
in increased insulin sensitivity (Vrieze et al., 2012). Finally, a
very recent study has also found that the composition of gut
microbiota is altered following gastric bypass surgery in both
mice and humans and that at least a portion of the weight
loss observed following the surgery in mice appears to result
from these microbiota changes (Liou et al., 2013). Although
each of these approaches to manipulate gut microbiota would
be hypothesized to alter both overall SCFA concentration, as
well as the relative profiles of individual SCFAs, there is cur-
rently little data on the extent to which this is the case, nor
is there any current data directly linking any possible health
benefits of these manipulations in humans to either FFA2 or
FFA3. These will be critical questions to be answered in the
future if these approaches are to be advanced as therapeuti-
cally relevant strategies specifically targeting FFA2 and/or
FFA3.

One final consideration that must be taken into account
before developing dietary approaches to target FFA receptors
is that both dietary intake and modulation of gut microflora
may be associated with a number of side effects such as
bloating, cramping, and flatulence. To prevent this, it will be
important to elucidate a dose with beneficial physiological
effects that does not cause pathological changes in gut micro-
structure. Furthermore, altered composition of gut micro-
biota brought on by a Western diet or use of antibiotics has
been suggested as a reason for increased incidence of allergies
and asthma in humans (Shreiner et al., 2008; Musso et al.,
2010). Despite these concerns, altering the activity of LCFA
and/or SCFA receptors, whether directly through the diet,
or indirectly through biotics supplementation or microbial
transplantation, are promising strategies to influence pro-
cesses involved in the development and/or prevention of
metabolic and inflammatory disorders.

Traditional therapeutics versus manipulation
of diet/microflora
As there are a number of potential strategies to modulate
FFA receptor activation for the treatment of metabolic and
inflammatory diseases (Figure 1), there is some debate as to
which approach, or approaches, would be most beneficial.
While the available evidence suggests that all three,
including small-molecule pharmacological agents, dietary
changes, or manipulation of gut microflora populations,
represent promising strategies to target FFA receptors, there
are potential advantages or disadvantages to each strategy
that might affect therapeutic success and are highlighted in
Table 3.
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In addition to the properties highlighted in Table 3, there
are a few final issues that may affect both drug development-
or dietary-based therapeutic approaches. Firstly, is the possi-
bility that the expression of FFA receptors may be altered or
reduced in disease states. For example, both FFA1 and FFA4
expression levels are down-regulated in islets isolated from
diabetic patients (Del Guerra et al., 2010), perhaps limiting
the efficacy in targeting these receptors for this condition.
Furthermore, it is possible that FFA polymorphisms may
affect therapeutic efficacy of FFA agonists. It should also be
considered that the method of preferred treatment may vary
on an individual patient basis, and it is possible that the
best treatment may in fact be a combination of approaches.
This is exemplified by recent success in using low-dose
thiazolidinedione treatment in combination with n-3 FA sup-
plementation (Kuda et al., 2009), suggesting that similar com-
bination therapies could be useful for the FFA family. Finally,

because of the challenges associated with directly showing
efficacy and mode of action for dietary and microbiota
approaches, it is perhaps likely that these will remain better
suited as a prophylactic approach to improve general health,
while small-molecule therapeutics with a validated target,
known mechanism of action, and clinically proven efficacy
are likely to remain the best options for individuals with a
clearly defined disease state.

In summary, FFA1-4 comprise a recently deorphanized
family of GPCRs. This GPCR family, which differs with
respect to ligand potency, generation of signal transduction
cascades and expression patterns, regulates and coordinates
some of the effects of FFAs on adiposity, adipose function,
appetite control, gut motility, glucose homeostasis and
inflammation. Given the recent increase in metabolic and
inflammatory diseases, there is a critical need for novel effec-
tive therapeutic strategies. Modulation of FFA receptor activ-
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Figure 1
Modulation of FFA activation can be achieved through several different methods to prevent and/or treat metabolic and inflammatory diseases.
Changes in FFA1-4 activity can be achieved directly through small-molecule targeting of specific FFAs (A). FFA activity can also be modulated
indirectly via changes in dietary intake (B) or modulation of gut microflora composition (C). Increased consumption and/or supplementation of
the diet with fish, meats or omega-3 FAs will result in increased levels of LCFAs and FFA1 and FFA4 activation. Increased intake of complex plant
polysaccharides will result in generation of SCFAs through fermentation by gut microbiota and activation of FFA2 and FFA3. Levels of SCFAs can
also be altered indirectly via modulation of gastrointestinal microflora composition through administration of biotics or bacterial transplantation.
Activation of FFAs has beneficial effects on a variety of physiological processes that are associated with metabolic and inflammatory processes.
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ity represents an exciting possibility to achieve this, whether
through small-molecule pharmacological agents, diet, or
microflora modification. The key requirement of future
studies will be to develop specific and efficacious small-
molecule ligands and/or to identify specific components of
the diet, natural products or bacterial species that can be
shown to produce beneficial effects through actions at
FFA1-4. Ultimately, modulation of FFA signalling represents a
promising strategy that will likely prove invaluable for the
timely prevention, management, and treatment of metabolic
and inflammatory diseases.
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